This work reports a fast optical recording material based on an azo-dye-doped polymer-ball-type polymer-dispersed liquid crystal film. A memory polarization holographic grating is written on the film and formed in $2 ms using two writing beams derived from a Q-switched Nd:YAG SHG pulse laser ( w ¼ 532 nm) with duration of 20 ns and a total energy density of $15 mJ/cm 2 . The polarization grating (PG) is created from the photo-excited dye molecules. These photo-excited dye molecules undergo three-dimensional rotation, diffusion, then adsorb on the surface of the polymer balls, and finally induce the reorientation of the LCs. Polarization analysis of the PG reveals that it diffracts the linearly polarized incident light into beams with different polarizations. A model based on the Jones matrix method is also proposed and closely fits the experiment results. Experimental results indicate that the PG is electrically switched ($3 V/mm). The PG can be erased partially by thermal treatment. We speculate that the weakly-adsorbed dyes desorb from the surfaces of the polymer balls owing to thermal disturbance, causing partial grating erasion.
Introduction
Many recent investigations have examined the optical properties of polymer-dispersed liquid crystals (PDLCs). 1, 2) Two PDLCs with different morphologies can be formed through phase separation: LC droplets dispersed in a continuous polymer matrix 1) and polymer balls dispersed in a continuous LC matrix.
2) The former are called ''LCdroplet-type'' and the latter ''polymer-ball-type (PBT)'' PDLCs. The two types differ mainly in the intrinsic memory effect in the transmission versus applied voltage curve. 2) This memory effect is highly pronounced only in the PBTPDLCs, and arises from the interaction at the boundary of the polymer and LCs. 2) However, heating the sample to the isotropic phase and then cooling to room temperature can eliminate the effect.
Writing a holographic grating on a photopolymerizable material/LCs composite film is particularly interesting since the grating can be formed via a single-step process and is electrically and/or optically switchable. [3] [4] [5] However, most of these gratings are intensity gratings (IGs), in which the recording beams do not contain polarization information. The polarization of polarization gratings (PGs) is modulated rather than the intensity. Few polarization-sensitive materials, such as photorefractive crystals, 6) guest-host systems, [7] [8] [9] [10] azopolymer, 11, 12) and PDLCs 13, 17) have been studied extensively.
Lucchetti et al. and Fuh et al. developed a fast optical recording based on azo-dye-doped LCs and PDLCs, respectively. The gratings are intensity gratings. 14, 15) Meanwhile, Slussarenko et al. presented a PG in a dye-doped LC film, 8) and Cipparrone et al. and Fuh et al. have also investigated PGs based on a prepolymer/LC system and dye-doped PBT-PDLC film, respectively. 13, 17) The recordings of these PGs are obtained using cw lasers. This work reports a fast recording of a material for rapidly recording a PG using a single pulse laser based on azo-dye-doped PBT-PDLCs. We believe that this PG is ascribed to the reorientation of the liquid crystals through their interaction with the photoexcited dye molecules, which experience three-dimensional rotation and diffusion, and finally adsorb on the surface of the polymer balls. 18) Polarization analysis indicates that the polarization states of the diffracted beams differ from those of the incident light. Here, the Jones matrix method is employed to design a model that explains the experiment results effectively. Furthermore, the formed PG is electrically switchable ($3 V/mm), and also partially erasable by thermal treatment. Desorption of dye molecules which are adsorbed weakly because of the thermal disturbance probably makes the grating partially-erasable. To our knowledge, this study is the first to report such a rapid recording of a polarization grating in the PDLC system.
Experimental
The liquid crystal, monomer, crosslinking agent, coinitiator, photoinitiator and azo dye used in the experiment are E7 (Merck), di-pentaerythritol pentaacrylate (DPPA; Polysciences), 1-vinyl-2-pyrrolidinone (NVP; Aldrich), N-phenylglycine (NPG; Aldrich), Rose Bengal (RB; Aldrich) and G206 (Nippon Kankoh-Shikiso Kenkyusho), respectively. Meanwhile, the absorption spectrum of G206 is given in ref. 5 . The mixing ratio of the above components is 50 wt% of E7, 41 wt% of DPPA, 7.5 wt% of NVP, 0.5 wt% of NPG, 1 wt% of RB, and 0.5 wt% of G206. Individual sample is created by sandwiching the homogenously mixed compounds between two indium-tin-oxide (ITO) coated glass slides separated by a 25-mm-thick plastic spacer. The sample is photo-polymerized for ten minutes using an unpolarized UV irradiation with an intensity of $0:2 W/cm 2 to form a translucent (partially transparent) PBT-PDLC film. Figure 1 shows the morphology of the formed PBT-PDLC sample by using scanning electron microscopy (SEM). Figure 2 (a) illustrates the experiment setup using a polarization holographic technique. Two writing beams, E 1 and E 2 , which are s-and p-polarized, respectively, and derived from a Q-switched Nd:YAG SHG pulse laser ( w ¼ 532 nm), intersected at an angle $ 0:74 . The pulses are unfocused, lasting $20 ns and having a total energy density of $15 mJ/cm 2 . Since they are coherent with mutually perpendicular polarization, a polarization-modulated pattern in which the linear, elliptical, and circular polarizations vary with constant intensity is created in the intersecting region, as displayed in Fig. 2(b) . The resultant light field can be expressed as (for small )
and
where (radian) denotes the intersecting angle between the writing beams, and w represents the wavelength of the writing beams in the vacuum. The sample is placed in the interfering region. An unpolarized He-Ne probe beam ( 0 ¼ 632:8 nm) is incident (along z-axis) onto the sample through a polarizer. To measure the dynamic formation of the PG, one of the first order diffracted beams is recorded using a digital Oscilloscope (TDS-680D, Tektronix). After the PG is formed, the writing beams are switched off. An analyzer is then placed behind the PG to analyze the polarization states of the diffracted beams from the formed PG. Additionally, the electro-optical switching and thermo-optical characteristics of the formed PG are examined. Figure 3 presents the dynamic formation of the PG, in which a single pulse from a Q-switched Nd:YAG pulse laser is applied at t ¼ 0. The probe beam is s-polarized (x-axis in Fig. 2 ). As shown in Fig. 3 , the signal increases initially, then declines to a stable value in $2 ms, which is much longer than the duration of the writing pulses ($20 ns).
Results and Discussion
Our previous work 16, 17) demonstrated that the doped azodyes, after being photo-excited by a linearly polarized beam, are adsorbed on the polymer wall with their long axes oriented loosely perpendicular to both the polarization and propagation directions of the linearly polarized writing beams. The adsorbed dyes in turn reoriented the LC molecules. In other words, LC molecules are also oriented loosely so that their effective birefringence (Án ¼ n k À n ? ) is may be small in the present case. However, no anisotropic dye adsorption occurs if the writing beam is circularly polarized. Accordingly, the observed grating image, displayed in Fig. 4 , can be clearly understood by considering the spatially varying polarization pattern established by the interference of the s-and p-polarized writing beams [ Fig.  2(b) ] and the inference that LC alignment is due to dye adsorption. The grating spacing of the PG in Fig. 4 is $20 mm, which equal to a half of the spatial frequency of the polarization pattern ( ¼ 0 ! ¼ ) shown in Fig. 2(b) .
According to Fig. 2(a) , an analyzer is positioned behind the formed PG to analyze the polarization states of the diffracted beams. Figure 5 shows the measured results. The direction of the stripes of the PG is parallel to the x-axis, and ðÞ is the angle between the transmission axis of the polarizer (analyzer) and the x-axis. respectively. Interestingly, the polarization states of all diffracted beams are the same as those of the probe beam when the polarization direction of the probe beam has an angle of AE45 with respect to the x-axis. Notably, the diffraction efficiency of the À1 order diffracted beam closely resembles that of the +1 order one (result not shown). The PG can thus be used as a polarized or unpolarized beamsplitter depending on the polarization of the incident light.
The Jones vector for the incident probe beam, E i , can be expressed as
where E i0 is the field amplitude of the incident probe beam. Following the same derivation given in ref. 17 , the mth components of the diffracted beams can be written as
where a 0 and
], respectively. T 0 and ÁT are defined as ðT k þ T ? Þ=2 and ðT k À T ? Þ=2, respectively; 2Áð 2Ánd= 0 Þ is the phase shift due to the photoinduced birefringence, Án ( n k À n ? ), on the PBT-PDLCs. Furthermore, T k ðn k Þ and T ? ðn ? Þ denote the sample amplitude transmissions (effective indices of the sample) probed by a beam with its polarization parallel and perpendicular, respectively, to that of the light that has induced the anisotropy. Meanwhile, 0 equals 2n 0 d= 0 , and n 0 is the refractive index of the sample before the holographic recording. Finally, d represents the film thickness, and 0 is the probe wavelength in the vacuum.
The mth-order diffracted field through the analyzer can be written as 
where A denotes a matrix that represents the analyzer whose transmission axis makes an angle with the x-axis, and m represents the order of the diffracted beam. The mth-order diffraction efficiencies through the analyzer are defined as
A separate experiment was performed to estimate the values of T k , T ? and Án. A PBT-PDLC sample was excited by a single s-polarized laser pulse with an energy density of $15 mJ/cm 2 , and the amplitude transmission of the probe beam with s-and p-polarization, T k and T ? , respectively, was measured as $0:415 and 0.255, respectively. Hence, ÁT [ ðT k À T ? Þ=2] and T 0 [ ðT k þ T ? Þ=2] were 0.080 and 0.335, respectively. Furthermore, in order to characterizing the phase shift, 2Á (2Ánd= 0 ) and the photoinduced birefringence (Án), we measured the transmission ratio, I k =I ? , of the probe beam through the sample between two polarizers, where k and ? represent that the polarizer is parallel and perpendicular to the analyzer, respectively. . ðÞ denotes the angle between the transmission axis of the polarizer (analyzer) and the direction of the stripes of the polarization grating (x-axis; refer to Fig. 1) . Also, the polarizer axis makes 45 with the polarization of the excited beam. 19) From the measured values of I k =I ? , T k and T ? , the phase shift (2Á) and the birefringence (Án) were calculated to be $0:213 and 1:71 Â 10 À3 , respectively. Substituting the value of the phase shift into According to Figs. 7(a) and 7(b), two additional experiments are performed to measure the electro-optical switching and thermo-optical characteristics of the PG, respectively, without an analyzer. Figure 7 (a) depicts the measured switching characteristics of the first-order diffraction signal with/without the application of an AC voltage (1 kHz), and clearly shows that the formed PG is electrically switchable. Once a voltage ($3 V/mm) is applied, the LCs are aligned with their long axes along the direction of the applied field so that the diffraction signals disappear rapidly. After turning the voltage off, the LCs completely recover to their original orientation, and the diffraction signal returns to its original value. The switchable characteristic implies that the PG formation mechanism excludes the intrinsic memory effect in the transmission versus applied voltage curve of PBT-PDLCs.
2) Figure 7 (b) shows the variation of the first order diffraction signal with temperature. According to this figure, the intensity of the first-order diffraction signal decays significantly if the sample is heated to isotropic phase (!41 C) and then cooled to room temperature. This behavior implies that such thermal treatment can partially erase the PG. We can infer that the weakly adsorbed dye molecules are likely to desorb from the surface of the polymer balls through thermal disturbance, making the PG partially erasable. 20) Notably, the transition temperature ($41 C) is substantially lower than the nematic-isotropic transition temperature for pure E7 ($60 C). We believe that this difference is caused by that some impurities, including initiators, azo dye and monomer molecules, are dissolved in the LCs. 21) 
Conclusions
This investigation examines fast optical recording on the azo-dye-doped PBT-PDLC films using a polarization holographic technique. The proposed approach uses two orthogonal linearly polarized recording beams which are single pulse laser beams, with duration of $20 ns and a total energy density of $15 mJ/cm 2 . A memory PG is recorded in $2 ms. The PG results from the excited dyes undergoing trans-cis photoisomerization and diffusion, then adsorbing on the surface of the polymer balls, and finally inducing the reorientation of LCs. Polarization analysis suggests that the linearly polarized probe beam can be diffracted into beams with different polarization properties. The experimental results can be correlated well with the model based on the Jones matrix approach. Furthermore, the PG is electrically switchable, and partially erasable by thermal treatment. Weakly adsorbed dye molecules appear to desorb from the surface of the polymer balls because of thermal disturbance, thus partially erasing the PG.
